A yeast glc7-1 mutant expressing a variant of protein phosphatase type 1 fails to accumulate glycogen. This defect is associated with hyperphosphorylated and inactive glycogen synthase, consistent with Glc7p acting directly to dephosphorylate and activate glycogen synthase. To characterize the glycogen synthesis defect of this mutant in more detail, we isolated 26 pseudorevertants of the glc7-1 mutant. All pseudoreversion events were due to missense mutations in GSY2, the gene encoding the major isoform of glycogen synthase. A majority of the mutations responsible for the suppression were in the 3 end of the gene, corresponding to the phosphorylated COOH terminus of Gsy2p. Phosphorylation of the mutant proteins was reduced, suggesting that they are poor substrates for glycogen synthase kinases. Suppressor mutations outside this domain did not decrease the phosphorylation of the resulting proteins, indicating that these proteins are immune to the regulatory effects of phosphorylation. Since no growth defect has been observed for strains with altered glycogen levels, the relative levels of fitness of GSY2 mutants that fail to accumulate glycogen and that hyperaccumulate glycogen were assayed by cocultivation experiments. A wild-type strain outcompeted both hypo-and hyperaccumulating strains, suggesting that glycogen levels contribute substantially to the fitness of yeast.
The wide distribution of the storage carbohydrate glycogen in nature suggests that it plays important physiological roles. Indeed, genetic, biochemical, and physiological analyses of mammals indicate that glycogen metabolism plays an essential role in energy homeostasis. As one might expect, the synthesis and degradation of glycogen are regulated by multiple signaling pathways. Glycogen also accumulates in fungi; in the budding yeast Saccharomyces cerevisiae, where the pathway has been studied in detail, the metabolism of glycogen is remarkably similar to that in mammals. Most of the enzymatic components (glycogenin, glycogen synthase, phosphorylase, and branching enzyme) are conserved in yeast and mammals (5, 7, 8, 22, 31, 37) , but the signaling pathways that regulate glycogen synthase have diverged. In mammals, glycogen metabolism is under hormonal control, whereas in yeast, it is controlled largely by nutrients. Yeast cells normally accumulate glycogen near the end of log-phase growth, due to a decrease in the levels of nutrients such as glucose, phosphate, nitrogen, and sulfate (23) . This accumulation is due in part to the increased expression of genes whose products act in the pathway (15, 24, 25, 31) and in part to post translational regulatory mechanisms (10, 16, 21, 27, 30) . At least for glucose, the accumulation of glycogen does not seem dependent on the absolute amount present; rather, glycogen accumulates when approximately half the glucose is consumed (23) . Although many of the key regulators have been identified, the basic mechanism that controls this accumulation is unknown.
Glycogen synthase is regulated at the level of gene expression and by posttranscriptional mechanisms. mRNA levels for the major isoform of glycogen synthase (GSY2 mRNA) increase as cells approach stationary phase when grown in glucose-containing medium (15, 24, 25) . Gsy2p is also phosphorylated and negatively regulated by phosphorylation at its COOH terminus (16) . Glycogen synthase can be fully activated by glucose-6-phosphate (G6P), even in the fully phosphorylated state (26) . Therefore, the ratio of glycogen synthase activities assayed in the absence and presence of G6P (activity ratio) provides a convenient means of assessing the phosphorylation state of the protein. Mammalian glycogen synthase is phosphorylated at its NH 2 and COOH termini (28) . In contrast, yeast glycogen synthase is phosphorylated only at its COOH terminus. A deletion variant of Gsy2p lacking amino acid residues after amino acid (aa) 643 has a very high activity ratio and is not phosphorylated in vivo (16) . Other Gsy2p variants that contain alanine substitutions for Ser-650 (S650A), Ser-654 (S654A), or Thr-667 (T667A) also have high activity ratios, suggesting that these residues are the major sites of phosphorylation (16) .
Biochemical characterization of glycogen synthase kinase in yeast has revealed at least two distinct activities (18) , one of which is cyclin-dependent kinase Pho85p activity. Null mutations in the genes encoding the catalytic subunit, PHO85 (18, 38) , or two of its many cyclin subunits, PCL8 and PCL10 (19) , result in the hyperaccumulation of glycogen. Pho85p-Pcl10p can phosphorylate Gsy2p in vitro (19, 39) . However, Gsy2p variants that lack Ser-654 and Thr-667 are no longer Pho85p-Pcl10p substrates, suggesting that Pho85p phosphorylates Gsy2p at these two sites while another, as-yet-unidentified kinase phosphorylates Gsy2p at Ser-650. Further evidence indicates that at least one other kinase is involved in downregulating Gsy2p. Yang et al. (40) have recently found that a block to respiration inhibits glycogen accumulation by increasing the phosphorylation state of glycogen synthase. The activity ratio of glycogen synthase is very low in respiration-deficient mutants, and GSY2 mutants that lack any one of the three key phosphorylation sites (Ser-650, Ser-654, or Thr-667) accumulate glycogen in a respiration-deficient background. However, the loss of Pho85 kinase does not restore glycogen accumulation to respiration-deficient cells, indicating that another protein kinase is responsible for the effect.
On the reverse side of the regulatory pathway, protein phosphatase type 1 is responsible for dephosphorylating and activating glycogen synthase. Some mutations in GLC7, which encodes the catalytic subunit of protein phosphatase type 1, result in a failure to accumulate glycogen due to retention of glycogen synthase in the inactive, phosphorylated form (11, 27) . The phosphatase directly responsible for activating glycogen synthase is thought to be composed of Glc7p and the regulatory subunit Gac1p. Gac1p binds to both Glc7p and glycogen synthase through separate domains and appears to act as a scaffold to target the substrate to the phosphatase (X. Wu, H. Hart, C. Cheng, P. J. Roach, and K. Tatchell, submitted for publication). The related protein Pig1p, first identified in a screen for glycogen synthase binding proteins, may have a role similar to that of Gac1p. The low levels of glycogen in a gac1 mutant are reduced further by deletion of PIG1 (4). The glycogen deficiency of glc7-1 or gac1 mutants can be suppressed either by elimination of the phosphorylation sites in Gsy2p (16) or by inactivation of Pho85p-Pcl8p and Pho85p-Pcl10p kinase (19) , furthering the idea that the Glc7-Gac1p phosphatase reverses the phosphorylation and inactivation of Gsy2p by Pho85p-Pcl8p or Pho85p-Pcl10p.
To further the understanding of glycogen metabolism, we have isolated revertants of glc7-1 (glycogen defect) mutants. All mutants isolated in this screen are defective in the major isoform of glycogen synthase, Gsy2p, and all suppress the glc7-1 mutation by increasing the activity of glycogen synthase. The mutations in some suppressors are located in the region known to encode the phosphorylated COOH terminus. However, other mutants alter portions of the protein not previously known to have a regulatory role. In addition, we demonstrate for the first time the importance of glycogen accumulation by showing that levels of glycogen play an important role in overall fitness. Strains that accumulate too much or too little glycogen are rapidly outcompeted by wild-type strains.
MATERIALS AND METHODS

Strains and media.
Crosses were performed and analyzed by standard yeast genetic practices (14) . Petite strains were generated by treatment with ethidium bromide as described previously (14) . Hyperactive GSY2 mutants were crossed to strains containing snf1, bcy1, or gac1 mutations ( Table 1 ). The resultant diploids were allowed to sporulate, and double mutants were identified by tetrad analysis. Isolates were confirmed by backcrossing to the parental strain and examining meiotic progeny from this cross. Strains CV182 and CV218 were derived from a strain kindly provided by Peter Roach (8) by three serial backcrosses to KT1113. All other strains were derivatives of JC482 (3). Ethyl methanesulfonate mutagenesis of strain KT1118 was performed as described previously (14) . Since spontaneous suppressors were infrequent, cells were mutagenized to approximately 99% killing and plated on either 1% yeast extract-2% peptone-2% dextrose medium (YPD) or synthetic medium (2% glucose and 0.67% yeast nitrogen base without amino acids, supplemented with required amino acids) at 30°C for screening. All strains accumulated more glycogen on synthetic medium, and all subsequent screens were performed with this medium. Suppression of the glc7-1 glycogen defect was scored qualitatively by inverting freshly grown plates over iodine crystals for 30 to 60 s. Increased glycogen accumulation results in darker brown staining. Putative suppressor mutants were backcrossed three times to the parental strain (glc7-1) and retested for glycogen accumulation. Mutants with suppressors that segregated in a Mendelian fashion were then backcrossed three times to the wild-type strain (KT1113). These suppressor mutants in the wildtype strain background were crossed to a gsy2::HIS3 strain (CV218), and suppressors were scored for linkage of the hyperaccumulation of glycogen to HIS3. All suppressors were linked, indicating that the suppressors were located in or near GSY2.
Reduction of glucose and/or other medium constituents due to autoclaving resulted in a significant increase in glycogen accumulation. For this reason, assays to compare the effects of GLC7, glc7-1, gac1, snf1, and rhoϪ were performed with filter-sterilized media. Solid media contained 2% agar. Strains were typically grown at 30°C. Sporulation was performed on 1% yeast extract-2% peptone-2% potassium acetate medium (YPA) for 3 days at 24°C or longer if required. Although strains homozygous for glc7-1 will not sporulate on traditional sporulation medium, it was found that sufficient, although poor, sporulation could be achieved on YPA after 5 days.
Quantitative analysis. Glycogen assays were performed as described previously (9) . Cell numbers were determined by direct counts with a hemacytometer. Glycogen synthase activity assays were performed as described previously (36) . Yeast strains were inoculated at 2 ϫ 10 6 cells per ml and grown at 30°C until late-log or early-stationary phase, approximately 12 h. Protein extracts were made as described below. Yeast extract (30 l) was combined with 60 l of synthase assay mixture (36) in duplicate and incubated for 10 min at 30°C. A 75-l sample of the reaction mixture was spotted on Whatman 31 ET paper, which was immediately placed in 66% ethanol kept at 4°C. The paper samples were washed twice in cold ethanol, twice in ethanol at room temperature, and once in acetone; then, they were dried and placed into scintillation vials, and counts were determined. Background counts were determined by spotting 60 l of assay mixture (no protein) on Whatman paper, which was then treated with experimental samples.
Plasmid construction and sequencing. Standard methods (32) were used for plasmid generation, identification, and amplification. Unless otherwise stated, all digestions and ligations were performed using enzymes obtained from New England Biolabs. pBluescript with a 3.8-kb SalI fragment containing GSY2 was kindly provided by Peter Roach (8) . The 3.8-kb SalI fragment from this plasmid was subcloned into the SalI site of YEp351 (pCV58). pCV58 was digested with NdeI to excise a 2.8-kb fragment of GSY2 and religated to produce pCV59. This plasmid was digested with NdeI, and the resulting linearized plasmid was transformed into the suppressor strains to gap repair the mutant GSY2 genes. The gap-repaired plasmids were isolated from yeast (29) , transformed into CV130, and assayed for the ability to suppress the glycogen accumulation defect of glc7-1. To localize the mutation responsible for suppression, pCV58 was digested with XhoI and KpnI (excision of a 1.7-kb fragment), KpnI and SacI (excision of a 0.7-kb fragment), or XhoI and SacI (excision of a 2.4-kb fragment); the restriction fragments containing portions of GSY2 were replaced with the same fragments from the suppressor-containing GSY2 genes. These plasmids were transformed into CV130 and assayed for glc7-1 suppression. Sequence analysis was performed using a Sequenase 2.0 kit (U.S. Biochemicals) to identify the mutation or mutations present in this region.
To construct a six-histidine-tagged wild-type GSY2 gene, two PCR products were generated. The first consisted of the GSY2 promoter, the ATG, and a sequence encoding a nine-amino acid tag (RGSHHHHHH) directly after the ATG and followed by an XmaI/EcoRI site at the 3Ј end (primers 5Ј GTCGAC CTGCAGGTCAACGGATCACAAA 3Ј and 5Ј AAGTTTTGACTACCTCAG AGAAAAATTTTGATGAGAGGTTCGCATCATCATCATCATCATTTCCC GGGAATTCTG 3Ј). The other product consisted of the entire coding region of GSY2 with an XmaI site added at the 5Ј and 3Ј ends by PCR (primers 5Ј ATTTTCCCGGGGATGTCCCGTGACCTAC 3Ј and 5Ј TCCCCCGGGGGA CGCCTCGAAATGTCGTATGTC 3Ј). These products were cloned into pBluescript (0.8-kb Sau3A/EcoRI promoter fragment into BamHI/EcoRI and 2.2-kb XmaI coding fragment into XmaI). The promoter fragment and part of the multicloning site of pBluescript were excised with EagI and XhoI and ligated into the EagI/XhoI sites of pRS316 (33) . The 2.2-kb XmaI fragment containing the coding region was then ligated into this plasmid to create pCV116. The 2.6-kb EcoRI/SalI fragment of wild-type GSY2 and the gap-repaired mutants was then inserted into an EcoRI/XhoI fragment of pCV116, replacing all but 0.4 kb of the PCR-generated coding region to create plasmids pCV117 GSY2, pCV117 GSY2-G264R, and so forth, which were then transformed into CV218 (gsy2::HIS3). Protein extracts. Yeast cells were inoculated into selective minimal media and grown at 30°C with shaking until the cultures reached late log phase. Cells (7.5 ϫ 10 8 ) were harvested, washed with breaking buffer (100 mM Tris, 200 mM NaCl, 1 mM EDTA, 5% glycerol [pH 7.0]), and resuspended in 0.25 ml of cold breaking buffer containing 1 mM phenylmethylsulfonyl fluoride and a 1/150 dilution of a protease inhibitor cocktail consisting of 5 mg each of chymostatin, leupeptin, antipain, and pepstatin in 20 ml of 50% ethanol. Cells were broken using a Mini-BeadBeater (Biospec Products) (four repetitions at a setting of 50 for 20 s). Samples were placed in an ice bath for a minimum of 1 min between repetitions. Breaking buffer (0.25 ml) with protease inhibitors (see above) was added to each sample, samples were centrifuged at 4°C for 2 min at 3,800 ϫ g, and the supernatant was used immediately or stored at Ϫ80°C.
Immunoblot analysis. Protein concentrations of cell extracts were determined using the bicinchoninic acid protein assay (Pierce) with bovine serum albumin as a standard. Protein loading dye (0.6 M Tris [pH 6.8], 10% glycerol, 2% sodium dodecyl sulfate [SDS], 5% 2-mercaptoethanol, 0.05% bromphenol blue) was added, and samples were heated to 80°C for 4 min. Equal concentrations of total protein were loaded in each well of an SDS-7.5% polyacrylamide gel, which was run at 200 V for approximately 45 min. The gel was rinsed in transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol) and transferred to nitrocellulose for 1 h at 100 V using a Bio-Rad Mini Trans-Blot apparatus. The membrane was blocked for 2 h in 5% nonfat milk in TBS (10 mM Tris-HCl [pH 7.5], 150 mM NaCl) and then incubated with a 1/1,000 dilution of primary antibody (RGS ␣His antibody; Qiagen) in antibody binding solution (TBS with 1.5% bovine serum albumin and 1.5% nonfat milk) for 2 h. The membrane was washed twice with 20 mM Tris-HCl [pH 7.5]-500 mM NaCl-0.1% Tween 20-0.4% Triton X-100 and once with TBS, 10 min each wash. The membrane was incubated with a 1/8,000 dilution of goat anti-mouse peroxidase-conjugated secondary antibody (Sigma) in antibody binding solution for 1 h and then washed as described above. Detection was performed using an Amersham ECL kit in accordance with the manufacturer's instructions.
Purification of His-tagged proteins. His-tagged proteins were purified with Ni-nitrilotriacetic acid (NTA)-agarose (Qiagen) using a batch procedure. Cell extracts were added to Ni-NTA-agarose beads, incubated at room temperature for 30 min, and then washed three times with buffer C (8 M urea, 0.1 M NaH 2 PO 4 , 0.01 M Tris [pH 6.3]). Purified protein was eluted with buffer C (pH 6.03) containing 100 mM EDTA. Immunoblotting was performed as described above, except that equal volumes of eluate rather than equal amounts of protein were loaded. As the amount of purified protein did not approach the binding capacity of the resin, the amount of purified protein in the eluate reflects the amount of the His-tagged protein in the cell extract.
32 P labeling. Strains from fresh overnight cultures were inoculated at 2 ϫ 10 6 cells/ml into 50 ml of selective medium. After 12 h of incubation at 140 rpm and 30°C, 10 9 cells were pelleted, washed with water, and resuspended in 10 ml of low-phosphate medium. Low-phosphate medium was prepared by combining 3.3 g of yeast nitrogen base without amino acids, 5 ml of 1 M MgSO 4 , and 5 ml of concentrated NH 4 OH in 450 ml of distilled H 2 O. Precipitated phosphate was allowed to settle, the resultant supernatant was filtered through a 0.22-mpore-size cellulose acetate filter, and the pH of the medium was adjusted to 5.8 with concentrated HCl. Appropriate amino acids were added to sustain growth. After 3 h of incubation, 0.1 mCi of 32 P (as orthophosphate) was added. The culture was incubated for 1 h, at which point cells were harvested and broken as described above with the following exception: phosphatase inhibitors were added to the breaking buffer-protease inhibitor mixture. After cells were broken, purification was performed as described above and the purified protein was electrophoresed by SDS-polyacrylamide gel electrophoresis (PAGE). Protein was transferred to nitrocellulose as for the immunoblot protocol, and the blot was exposed to film overnight to detect 32 P incorporation. Phosphorimaging was performed to quantitate radioactivity in the Gsy2p bands. To quantitate protein, the blot was incubated in 7 ml of phosphatase buffer (50 mM Tris-HCl [pH 8.0], 1 mM MgCl 2 , 0.1 mM ZnCl 2 ) containing 70 U of alkaline phosphatase. This step removed 32 P from the nitrocellulose and allowed detection by immunoblotting, which was performed as described above.
RESULTS
Isolation and genetic analysis of suppressors of glc7-1 mutants. Strains containing glc7-1 (R73C) accumulate only 10% of the glycogen levels found in wild-type strains (2) . Glycogen synthase from these strains is in the phosphorylated, G6P-dependent form (11, 27) . To further dissect the regulatory pathway required for the activation of glycogen synthase, we mutagenized a MATa glc7-1 strain (KT1118) with ethyl methanesulfonate as described in Materials and Methods and screened 30,000 colonies for revertants that accumulated glycogen by using the iodine staining method (6) . Twenty-nine revertants were backcrossed three times to a MAT␣ glc7-1 strain (KT1119), and suppressors which did not mate or sporulate, which stained a bluish-purplish color with iodine (indicating a defect typically found in mutants with mutations in the glycogen branching enzyme) (31, 37), or which had phenotypes that did not segregate 2:2 in meiotic progeny were discarded. Twenty-six of the 29 mutants survived this preliminary screen and were characterized in greater detail.
Tetrad analysis of crosses between the revertants and a wildtype GLC7 strain revealed that each suppressor segregated independently of GLC7 and induced a hyperglycogen phenotype in a wild-type GLC7 background. Diploid strains constructed by mating the revertants to a glc7-1 strain accumulated more glycogen than a homozygous glc7-1 strain but accumulated less a than a diploid strain homozygous for a suppressor, indicating that each revertant was semidominant. To determine if the suppressors were genetically linked, we performed tetrad analysis of glc7-1/glc7-1 diploid strains constructed by mating two different suppressor strains. If suppressors are in different loci, the low-glycogen glc7-1 phenotype should reappear in some spore clones; if they are tightly linked, all spores should display the hyperglycogen phenotype of one of the parent strains. All spore clones from crosses between different revertants retained the high-glycogen phenotype, indicating that all suppressors are tightly linked. To help determine which locus was mutated in the revertants, each suppressor in a wild-type GLC7 background was crossed to gac1::URA3 (KT1141) and gsy2::HIS3 (CV218) strains. These mutants represented two of the most logical suppressor classes. No linkage was observed with gac1::URA3. However, linkage was observed between each suppressor and the gsy2::HIS3 disruption. In every case, the two histidine auxotrophic spore clones from each tetrad accumulated higher-than-normal levels of glycogen and the histidine prototrophs failed to accumulate glycogen.
Cloning and sequencing of suppressors. Since the suppressors resided in or near GSY2, the NdeI fragment of GSY2, which encodes all but the final four amino acid residues of Gsy2p, was cloned by gap repair from each mutant as described in Materials and Methods. Plasmids were transformed into the glc7-1 strain (CV129) to determine if the GSY2 gene recovered from the mutant strain would suppress the glc7-1 phenotype. Transformants containing each of the recovered GSY2 genes accumulated glycogen, indicating that the mutation responsible for the suppression resided within the NdeI fragment. Wild-type GSY2 in YEp351 is unable to restore glycogen accumulation to the glc7-1 strain. To more accurately localize the suppressor mutations, internal XhoI/SacI, XhoI/ KpnI, and KpnI/SacI fragments of wild-type GSY2 in YEp351 (pCV58) were exchanged with the identical fragments from each of the mutant plasmids (Fig. 1) . The presence of the suppressor in each of these subclones was identified by assaying glycogen levels in CV129 transformants. The DNA sequence was determined for each restriction fragment from the gap-repaired plasmids that complemented the glc7-1 defect. The sequence was also determined for the SacI/NdeI fragment from every suppressor clone because we were unable to test for the presence of the suppressor in this fragment.
The 12 unique mutations identified from the 26 suppressors are listed in Table 2 , and the locations of these mutations in the GSY2 gene are presented in Fig. 1A . Only a single mutation was found in each of the suppressors. Each mutant was named for the predicted change in the sequence of the gene product.
GSY2-G264R, GSY2-G264E, GSY2-G298D, GSY2-P648L, and
GSY2-P668T mutations were all recovered multiple times. For each of these five mutations, at least one of the duplicates was isolated independently from a separate mutagenesis experiment. The 12 mutations were located in three regions of GSY2. Three were located near the middle of the gene, three were located more distal, and the remaining six were located in the 
GSY2-G264R
known COOH-terminal regulatory region. The six NH 2 -terminal mutations lay in the portion of Gsy2p that is closely related to mammalian glycogen synthase. Residues G298, E590, and S593, which are altered in GSY2-G298D, GSY2-E590K, and GSY2-S593F mutants, correspond to identical residues in human liver and muscle glycogen synthase. In contrast, the residues altered in the six most COOH-terminal mutants are not similar to residues found in this region of mammalian glycogen synthase. This region contains the amino acid residues that are phosphorylated in vivo (16) . Glycogen accumulation in suppressor strains. To investigate how the GSY2 mutations alter glycogen synthesis, we first assayed glycogen levels throughout the growth curve of the wild type and selected GSY2 mutants that were grown in batch culture. Glycogen stores are normally low in exponential phase, begin to increase as the cultures approach stationary phase, peak during late-log/early-stationary phase, and drop after 12 h in stationary phase. The three suppressors that we tested accumulated higher levels of glycogen at each time point but showed basically the same overall pattern of accumulation (Fig. 2) . This similarity is not unexpected because genes involved in glycogen metabolism are known to be under transcriptional control (15, 25) , which we would predict would not be altered in our GSY2 mutants. We note that glycogen levels are very sensitive to the method used to prepare the media (see Materials and Methods). All subsequent data were gathered from cells grown in filter-sterilized media.
We next assayed glycogen levels of each suppressor mutant in glc7-1, GLC7, and gac1::URA3 backgrounds at cell densities (2.3 ϫ 10 8 to 3 ϫ 10 8 cells/ml) at which strains accumulate maximum levels of glycogen. As shown in Fig. 3 , glc7-1 mutants accumulated less than 10% the glycogen accumulated by wildtype strains (5 g of glucose per 10 7 cells). For a given GSY2 mutant, glycogen levels were usually higher in a wild-type background than in a glc7-1 background. The exceptions were GSY2-P668L and GSY2-P688T mutants, whose mutations caused the accumulation of the same levels in both backgrounds. This result suggests that most mutant proteins are not completely deregulated and require Glc7p to become fully active.
GAC1 encodes a regulatory subunit of Glc7p necessary for the activation of glycogen synthase (11) . The subunit contains separate binding domains for Glc7p and glycogen synthase and appears to act in a manner similar to that of the mammalian glycogen targeting subunits (Wu et al., submitted). We assayed the ability of the GSY2 mutations to suppress the glycogen defect found in gacI strains. As shown in Fig. 3 , all GSY2 suppressor mutations increased glycogen levels in a gac1 mutant, in many cases to the level found for the suppressor in a wild-type background. Most GSY2 mutations suppressed the glycogen defect of a gac1 mutant better than that of a glc7-1 mutant. This result is consistent with the observation that glc7-1 strains are usually more deficient in the ability to accumulate glycogen than are gac1 strains, possibly because of the partially redundant activity of Pig1p (4) .
Effects of GSY2 mutations on regulatory mutations affecting glycogen accumulation. In addition to Pho85p, two additional protein kinases have been shown to regulate the activity of glycogen synthase. Snf1p, closely related to the mammalian AMP-dependent protein kinase, is a positive regulator of glycogen synthesis. snf1 mutants fail to accumulate glycogen, in part because of a defect in the accumulation of GSY2 mRNA and in part because of a defect in the activation of glycogen synthase (15) . This latter defect may be due to reduced levels of G6P accumulating in snf1 mutants (20) . In contrast, cyclic AMP (cAMP)-dependent protein kinase has a negative role in the regulation of glycogen synthase. Cells with constitutively active cAMP-dependent protein kinase activity, due to defects in the cAMP binding inhibitory subunit Bcy1p, express very low levels of GSY2 mRNA and may have an altered Gsy2p phosphorylation state (15) .
As shown in Fig. 4 , our GSY2 mutations were able to suppress the glycogen defect of snf1 mutants, with the exception of GSY2-S593F and G669D. Surprisingly, snf1 GSY2-G653L and snf1 GSY2-P668L mutants accumulated much higher levels of glycogen than any other mutant we tested. In contrast to the results for snf1 mutants, none of our GSY2 mutations was able to suppress the glycogen defect of bcy1 mutants (data not shown), consistent with previous work indicating that cAMPdependent protein kinase acts on the glycogen biosynthetic pathway, largely at the level of mRNA synthesis (11, 15) . Chester (6) noted that respiration-deficient yeast mutants fail to accumulate glycogen. More recently, Yang et al. (40) found that this defect can be suppressed in GSY2 mutants whose products cannot be phosphorylated. Surprisingly, mutation of PHO85, which encodes one of the kinases responsible for phosphorylating and inactivating glycogen synthase, does not rescue the defect, suggesting that another kinase may be responsible for the inhibition of glycogen synthase in respiration-deficient strains. We tested our collection of GSY2 mutants for suppression of this defect. As shown in Fig. 4 , all GSY2 suppressors at least partially alleviated the glycogen defect. Interestingly, several of the suppressors produced a "ring" phenotype in qualitative plate assays, where the outer edge of the culture stained much darker than the center (data not shown). This result suggests that for these mutants, only rapidly growing cells or cells with access to the highest levels of nutrients accumulated excess glycogen. Hyperaccumulation was also observed in qualitative assays when the suppressors in a Rho ϩ background were grown anaerobically, indicating that these mutants do not require oxygen for increased glycogen accumulation (data not shown).
Abundance, phosphate incorporation, and activity of mutant Gsy2p enzymes. Although the overexpression of wild-type Gsy2p does not raise glycogen levels in either a wild-type or a glc7-1 mutant background, we nevertheless assayed the levels of Gsy2 proteins in our mutants to eliminate the possibility that protein abundance was affecting the glycogen phenotype. To facilitate the assay of Gsy2 protein levels, the sequence encoding RSH 6 was inserted after the NH 2 -terminal methionine codon for efficient protein purification and detection. The sixhistidine-tagged genes were cloned into a CEN plasmid that allowed expression from the native GSY2 promoter, and plasmids containing six different GSY2 mutations were transformed into a gsy2::HIS3 strain (CV218) to assay for the ability of the tagged genes to complement the gsy2::HIS3 disruption. Transformants containing six-histidine-tagged and untagged GSY2 genes accumulated similar levels of glycogen, indicating that the introduction of the six-histidine-tag at the NH 2 terminus does not reduce activity. Protein extracts were collected from late-log cultures, at the point at which glycogen levels were at a maximum. Six-histidine-tagged Gsy2 proteins were purified on Ni-NTA-agarose from equal amounts of total protein, separated by SDS-PAGE, transferred to nitrocellulose, and detected using an antibody against the six-histidine tag. As shown in Fig. 5A , mutant protein concentrations were equal to or lower than wild-type protein levels. Ni-NTApurified protein levels were assessed because of the relatively low level of enzyme in total extracts. However, immunoblotting was performed using total extracts, and similar results were obtained (data not shown). Thus, increased glycogen levels in the mutants were not due to increased Gsy2p abundance.
Glycogen synthase assays were performed with the mutant proteins to determine if suppression ability correlated with increased protein activity. Assays were performed in the presence and absence of G6P to measure total and active glycogen synthase activities, respectively. All mutants examined exhibited an increased activity ratio (Table 3) . FIG. 4 . Glycogen accumulation for GSY2 and 12 glc7-1 suppressors in snf1 and rho Ϫ backgrounds. Cultures were inoculated into synthetic medium at 2 ϫ 10 6 cells/ml, and cells were harvested 12 h later at densities of 2 ϫ 10 7 to 3 ϫ 10 7 cells/ml.
FIG. 5. Gsy2p expression and phosphorylation. (A)
Immunoblot of extracts prepared from wild-type and Gsy2 suppressor variants grown to late-log phase. Equal concentrations of total protein were loaded into each lane, except for the first and second lanes, which contained 1.5 and 0.5 times the amounts loaded in the other lanes, respectively. Numbers below each lane indicate relative Gsy2 protein levels, normalized to that of the wild-type protein, as determined by densitometry of the immunoblot. (B) Immunoblot and autoradiogram of cells labeled with 32 P. Yeast strains were 32 P labeled, cell extracts were prepared, and six-histidine-tagged, affinity-purified protein was electrophoresed by SDS-PAGE as described in Materials and Methods. Gsy2p present in each immunoprecipitate was assayed by immunoblotting, and the level of phosphorylation was determined by autoradiography. The numbers below each lane indicate the ratio of 32 P incorporation in mutant proteins to that in total Gsy2 protein, normalized to wild-type Gsy2p levels.
To assay for phosphate incorporation into wild-type Gsy2p and mutant Gsy2p, a glc7-1 gsy2::HIS3 strain was transformed with plasmids containing the six-histidine-tagged GSY2 genes. Transformants were labeled with 32 P (as orthophosphate) as described in Materials and Methods. The purified six-histidinetagged Gsy2 proteins were subjected to SDS-PAGE and transferred to nitrocellulose, and 32 P incorporation into Gsy2p was assayed by autoradiography (Fig. 5B ). Gsy2p levels were assayed by immunoblot analysis after treatment with alkaline phosphatase. As shown by the relative incorporation of 32 P into each mutant Gsy2 protein (Fig. 5B ), each Gsy2p variant tested incorporated 32 P. Variants with mutations in the phosphorylated domain, Gsy2-S654L and Gsy2-P668T, incorporated less 32 P than wild-type Gsy2p, whereas Gsy2-G264R and Gsy2-E590K incorporated higher levels of 32 P than the wildtype protein.
Relative fitness of glycogen synthase mutants. Although yeast cells have evolved a complex mechanism for the regulation of glycogen synthesis, little is known about the physiological role for this storage carbohydrate. The elimination of both GSY1 and GSY2 has been reported to have no effect on growth rate or heat shock resistance and to confer only a slight defect in sporulation (8) . To provide a more sensitive assay for defects caused by altered levels of glycogen, we cocultivated a wildtype strain with either a gsy2::HIS3 mutant or a GSY2-E590K mutant. These congenic strains had identical nutritional requirements and showed no difference in exponential growth rates when cultured separately (data not shown). In each cocultivation experiment, the two strains were inoculated into fresh medium at a concentration of 2 ϫ 10 4 cells/mI, and cultures were allowed to grow for 3 days before reinoculation into fresh medium. After 3 days, samples were diluted with fresh medium to a concentration of 2 ϫ 10 4 cells/ml and incubated for an additional 3 days. This regimen was repeated twice. After each 3-day period, the ratio of the numbers of cells of the strains in the culture was determined using glycogen accumulation to score the two genotypes. As shown in Fig. 6A , after 12 days of growth in glucose-containing medium, greater than 95% of the cells in both cultures were wild type. In acetate-containing medium, gsy2::HIS3 and GSY2-E590K strains were also less fit than the wild type, although the gsy2::HIS3 strain showed higher fitness in acetate-containing medium than in glucose-containing medium.
The relatively rapid overgrowth of the wild-type strain in these experiments indicates that both decreased glycogen and increased glycogen levels lead to reduced fitness of the population. In principle, these differences in competition can be attributed to differences in growth rate, cell viability, or rate of outgrowth from stationary phase. We have not observed any differences in the doubling times of these strains in log phase or in the rate of outgrowth from stationary phase, but we have observed reduced viability of both the gsy2::HIS3 and the GSY2-E590K strains. The percentage of viable wild-type cells in cultures after 3 days of growth in synthetic glucose-containing medium was 93%, whereas those of the gsy2::HIS3 and GSY2-E590K strains were 71 and 79%, respectively. These differences could account for at least some of the competitive disadvantages of the GSY2 mutants and demonstrate for the first time the importance of the regulation of glycogen metabolism in yeast. cells/ml into synthetic complete medium (A) or acetate-containing medium (B) and allowed to grow for 3 days at 30°C. Cultures were subcultured into fresh medium at 2 ϫ 10 4 cells/ml and allowed to grow for another 3 days. This regimen was repeated twice. For each dilution, a culture sample was placed on solid YPD and colonies were allowed to grow. The ratio of wild-type to mutant GSY2 on the plate was determined by iodine staining. Each point represents of the average of at least two independent experiments.
DISCUSSION
In a screen for revertants that restored glycogen accumulation to a glc7-1 strain, we identified 12 unique mutations in GSY2. All 12 probably act by altering the activity of glycogen synthase, because none of the GSY2 mutants tested showed an increase in protein levels, as assayed by immunoblot analysis. In addition, overexpression of the wild-type GSY2 gene does not suppress the glc7-1 phenotype, indicating that the concentration of glycogen synthase in the cell is not normally rate limiting for glycogen biosynthesis. Although there is no direct biochemical evidence in vitro that Glc7p is the phosphatase that activates glycogen synthase, the results presented here strengthen this hypothesis. It is surprising that no other genes were identified in our screen because mutations in REG1 (17) and PHO85 (18, 38) have also been shown to suppress the glc7-1 mutation. However, the exclusion of slowly growing colonies from our screen would have eliminated reg1 and pho85, since both show a slow-growth phenotype unrelated to their high level of glycogen accumulation.
We envision three mechanisms by which our mutations in GSY2 could suppress the glc7-1 phenotype. One possibility is that the mutant proteins are resistant to negative regulation by phosphorylation, either directly due to reduced phosphorylation or indirectly due to changes in allosteric effects of phosphorylation on activity. Another possibility is that mutants could be more sensitive to positive regulation, either by becoming better substrates for phosphatase activity or by becoming more sensitive to the activating effect of G6P. A third possibility is that the suppressors act by increasing the activity of the encoded enzyme without changing its regulation. Six out of 12 GSY2 mutations identified in this screen probably act via the first mechanism. These are located at or near the proposed phosphorylation sites (Fig. 1B) . One of the six directly alters phosphorylation site Ser-654, while the others alter residues one or two residues away from the phosphorylation sites.
Pho85p, together with its cyclin subunits Pcl8p and Pcl10p, comprises one of the kinases that phosphorylates Gsy2p at S654 and T667 (19, 39) . The precise consensus site has not been determined for this activity, but the consensus sequence around these two sites is S/T-P-X-D-L. Two GSY2 mutations, GSY2-P668T and GSY2P688L, altered one of these prolines, supporting the above consensus recognition motif. The fact that GSY2-G669D also suppressed glc7-1 could indicate that the identity of the amino acid residue after the proline is also restricted for Pho85p-Pcl10p recognition.
The kinase responsible for phosphorylating S650 is not known, but the fact that GSY2-P648L suppresses glc7-1 leads to the prediction that the consensus recognition motif for this kinase contains a proline at the Ϫ2 position. It is worth noting that a proline is present at the Ϫ2 position in the sequence recognition motif for the mitogen-activated protein (MAP) kinase Erk1 (13, 34) . François et al. (9) found that glycogen synthesis was inhibited by the mating pathway, a signaling pathway regulated by the MAP kinase Fus3p. However, to our knowledge there is no direct evidence that Fus3p can phosphorylate Gsy2p. We do not believe that the other six suppressor mutations alter the phosphorylation state of Gsy2p, but several of them could cause insensitivity to the effects of phosphorylation. These mutant proteins were phosphorylated to a greater extent than the wild-type protein, as judged by the relative levels of 32 P incorporation in vivo. A detailed biochemical characterization of 22 mutations of GSY2 revealed two mutants that were totally resistant to activation by G6P (26) . One of these, Gsy2-R586A R588A R591A, had wild-type activity and was inactivated by phosphorylation. Another, Gsy2-R579A R580A R582A, showed reduced sensitivity to phosphorylation. Pederson et al. (26) proposed that these residues constitute a region of glycogen synthase that is important for G6P binding and/or changes between different activity states. It is noteworthy that two of our mutants, GSY2-E590K and GSY2-S593F, had mutations that lay in or near this region. Gsy2-E590K had the highest activity in the presence or absence of G6P, suggesting that this mutant might also be insensitive to the influence of G6P and C-terminal phosphorylation. A detailed biochemical characterization of these mutants would help distinguish between different possible mechanisms of suppression.
In both yeast and mammals, glycogen biosynthesis is under complex regulation. In mammals, where glycogen serves as a key energy store and for maintenance of blood glucose levels, the reasons for this regulation are obvious. In yeast, the accumulation of glycogen at the end of logarithmic growth would implicate the carbohydrate as having a role in survival in stationary phase or sporulation. However, glycogen synthase mutants sporulate well, have no growth defect, and survive heat shock stress (8) . We revisited this issue using a cocultivation strategy, where wild-type and mutant strains with identical auxotrophies were cultured together in medium containing either glucose or acetate as a carbon source. Under both conditions, strains with low (gsy2::HIS3) and high (GSY2-E590K) levels of glycogen were rapidly overgrown by the wild-type strain (Fig. 6) . This result provides a solid indication that glycogen levels must be tightly regulated, since as little as a 2-fold increase or a 10-fold decrease in glycogen is enough to dramatically reduce fitness levels. Although we do not know at present the physiological defects responsible for the reduced fitness of the GSY2 mutants, we have observed reduced viability of both gsy2::HIS3 and GSY2-E590K strains, a result which could account for the differences in fitness. Our results provide a means to study the basis for the requirement for the tightly regulated control of glycogen accumulation.
